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The result of the 3-year neutrino magnetic moment measurement at the Kalinin Nuclear Power
Plant (KNPP) with the GEMMA spectrometer is presented. Antineutrino-electron scattering is
investigated. A high-purity germanium detector of 1.5 kg placed at a distance of 13.9 m from the
3 GWth reactor core is used in the spectrometer. The antineutrino flux is 2.7×10
13
ν¯e/cm
2/s.
The differential method is used to extract ν-e electromagnetic scattering events. The scattered
electron spectra taken in 5184+6798 and 1853+1021 hours for the reactor ON and OFF periods
are compared. The upper limit for the neutrino magnetic moment µν <3.2×10
−11
µB at 90% CL is
derived from the data processing.
PACS numbers: 13.15.+g, 13.40.Em, 14.60.St
INTRODUCTION
The Minimally Extended Standard Model predicts a
very small magnetic moment for the massive neutrino
(µν ∼ 10
−20µB) which cannot be observed in an experi-
ment at present. On the other hand, there is a number
of extensions of the theory beyond the Minimal Standard
Model where the Majorana neutrino magnetic moment
(NMM) could be at the level of 10−(10−12) µB irrespec-
tive of the neutrino mass [1, 2, 3, 4, 5]. At the same
time, from general considerations [6, 7] it follows that the
Dirac NMM could not exceed 10−14µB. Therefore, ob-
servation of an NMM value higher than 10−14 µB would
be evidence for New Physics and, in addition, indicate
[8, 9, 10] undoubtedly that the neutrino is a Majorana
particle.
It is rather important to make laboratory NMM mea-
surements sensitive enough to reach the ∼10−11µB re-
gion. The Savanna River experiment by Reines’ group
could be considered as the beginning of such measure-
ments. Over a period of thirty years sensitivity of reac-
tor experiments increased by a factor of three only – from
(2 − 4) × 10−10µB[11, 12] to (6 − 7) × 10
−11µB[13, 14].
Similar limits were obtained for solar neutrinos[15, 16],
but due to the MSW effect (as well as matter-enhanced
oscillations in the Sun) their flavor composition changes
and therefore the solar NMM results could differ from
the reactor ones.
In this paper, the results of the 3-year NMM mea-
surement by the collaboration of ITEP (Moscow) and
JINR (Dubna) are presented. The measurements are car-
ried out with the GEMMA spectrometer[14, 17, 18] at
the 3 GWth reactor of the Kalinin Nuclear Power Plant
(KNPP).
EXPERIMENTAL APPROACH
A laboratory measurement of the NMM is based on
its contribution to the ν-e scattering. For nonzero NMM
the ν-e differential cross section is given [12] by a sum
of the weak interaction cross section (dσW /dT ) and the
electromagnetic one (dσEM/dT ):
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FIG. 1: Weak (W) and electromagnetic (EM) cross-sections
calculated for several NMM values.
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where Eν is the incident neutrino energy, T is the elec-
tron recoil energy, θW is the Weinberg angle and r0 is the
electron radius (pir20 = 2.495× 10
−25 cm2).
2Figure 1 shows differential cross sections (1) and (2)
averaged over the typical antineutrino reactor spectrum
vs the electron recoil energy. One can see that at low
recoil energy (T ≪ Eν) the value of dσW /dT becomes
almost constant, while dσEM/dT increases as T
−1, so
that the lowering of the detector threshold leads to a
considerable increase in the NMM effect with respect to
the weak unremovable contribution.
To realize this useful feature in our GEMMA spectro-
meter[14], we use a 1.5 kg HPGe detector with the energy
threshold as low as 3.0 keV. To be sure that there is no
efficiency cut at this energy, the ”hard” trigger threshold
was twice lower (1.5 keV).
Background is suppressed in several steps. First, the
detector is placed inside a cup-like NaI crystal with 14
cm thick walls surrounded with 5 cm of electrolytic cop-
per and 15 cm of lead. This active and passive shielding
reduces external γ-background in the ROI to the level of
∼ 2 counts/keV/kg/day. Being located just under reac-
tor #2 of the KNPP (at a distance of 13.9 m from the re-
actor core, which corresponds to the antineutrino flux of
2.7×1013 ν¯e/cm
2/s), detector is well shielded against the
hadronic component of cosmic rays by the reactor body
and technologic equipment (overburden≃70 m w.e.). The
muon component is also reduced by a factor of ∼10 at
±20◦ with respect to the vertical and ∼3 at 70◦− 80◦,
but a part of residual muons are captured in massive
shielding and thus produce neutrons which scatter elas-
tically in Ge and give rise to a low-energy background. To
suppress it, the spectrometer is covered with additional
plastic scintillator plates which produce relatively long µ-
veto signals. Special care is taken to reduce non-physical
low-amplitude circuit noise (afterpulses, radio frequency
interference, microphonism, etc.). In particular, the de-
tector signal is processed by three parallel independent
electronic channels with different shaping time, which al-
lows performing a primitive Fourier analysis [19] a` pos-
teriori and thus discriminating artefact signals (Fig.2).
DATA TAKING AND PROCESSING
In order to get a recoil electron spectrum, we use a
differential method comparing the spectra measured at
the reactor operation (ON) and shut down (OFF) pe-
riods. In our previous work we considered Phase-I (13
months’ measurement from 08.2005 to 09.2006, including
5184 and 1853 hours of the reactor ON and OFF periods,
respectively). Today we can add Phase-II – 19 months
from 09.2006 to 05.2008. Unfortunately, for some orga-
nizational and technical reasons, there were several long
interrupts in the measurement. After preliminary selec-
tion, 6798 ON-hours and 1021 OFF-hours of live time
were found to be available for analysis.
During the measurements, the signals of the HPGe de-
tector, anticompton NaI shielding and outer anticosmic
plastic counters, as well as dead-time information, are
collected on an event-by-event basis. Detection efficiency
just above the threshold is checked with a pulser. The
neutrino flux monitoring in the ON period is carried on
via the reactor thermal power measured with accuracy of
0.7%.
The collected data are processed in several steps. First,
we reject those files which correspond to the periods
of liquid nitrogen filling and any mechanical or electri-
cal work at the detector site, as they could produce a
noise. Second, we analyze energy spectra produced for
each hour in order to check stability of γ-background.
If any visible excess of 81 keV (133Xe), 250 keV (135Xe)
or 1294 keV (41Ar) γ-line occurs, the files are removed.
Third, the level of low-amplitude non-physical noise is
checked second by second, and those seconds which
contain more than 5 events with E >2 keV are re-
jected. Fourth, we reject those events which are sepa-
rated by a time interval shorter than 80 ms or equal to
n · 20.0 ± 0.1 ms (in such a way we suppress the noise
caused by mechanical vibrations and 50 Hz power-line
frequency).
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FIG. 2: (Color online) Example of the primitive Fourier anal-
ysis done with two different shaping-times: ADC-1 operates
with 2 µs pulses, and ADC-3 operates with 12 µs pulses.
(Color intensity scale is logarithmic).
Then, we build three plots similar to that shown in
Fig. 2 and select only those events which fall (within
the energy resolution) into diagonals, thus rejecting low-
and high-frequency noise. As a result, we obtain energy
spectra for the ON and OFF periods which must be nor-
malized by the corresponding active time. Since the de-
scribed selection of events is complicated, it is difficult
to count active time in a proper way. To avoid possible
3errors caused by this procedure, both the ON and OFF
spectra are normalized by the intensity of the background
γ-lines which are definitely known in time. These are the
1173 keV and 1333 keV lines of 60Co, the 1461 keV line
of 40K and a less reliable 238 keV line of 212Pb. The
above radiation originates from the pollution of the in-
ternal parts of the spectrometer and therefore must be
independent of the reactor operation.
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FIG. 3: Fragment of the experimental ON spectrum.
To extract the µν value from the normalized ON and
OFF spectra, we use two procedures. One of them was
described in detail in our previous work [14]. It consists in
the channel-by-channel comparison of the spectra (taking
into account the Weak contribution) and then averaging
of the extracted Xi values over the ROI. Here i is the 0.1
keV-channel number, and X stands for an NMM squared
in terms of 10−10 Bohr magnetons:
X ≡
(
µν
10−10µB
)2
. (3)
The above procedure is perfectly reliable and does not
depend on the background structure. Unfortunately, the
ON and OFF periods are not equal from the point of
view of statistics (compare error bars in Figs. 3 and 4). A
usual OFF period is much shorter, and, therefore, the fi-
nal sensitivity is limited by the background uncertainties.
On the other hand, today, after three years of data tak-
ing, we know the ROI background structure with more
confidence. It gives us the right to introduce additional
information in our analysis, namely, to state that our
background is a smooth curve.
To implement this idea, we fit the background in the
ROI from 2.9 keV to 45 keV with a parametrized smooth
function (an example of such fit with a sum of Gaussian,
exponential and linear functions is shown in Fig. 4; other
functions produce slightly different results, the system-
atic error includes their spread). Then we compare the
ON spectrum channel by channel with the obtained curve
(to be more precise, with a narrow corridor of the width
given by the fitting uncertainty). Applying this advanced
procedure to the total statistics of Phases I+II, we get
the following NMM limit:
µν < 3.2× 10
−11µB (90%CL) (4)
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FIG. 4: Fragment of the experimental OFF spectrum.
CONCLUSION
The experimental NMM search with the GEMMA
spectrometer has been going on at the Kalinin Nuclear
Power Plant (Russia) since 2005. The HPGe detector
of 1.5 kg placed 13.9 m under the core of the 3 GWth
water-moderated reactor is exposed to the antineutrino
flux of 2.7×1013ν¯e/cm
2/s. As a result of the 3-year mea-
surement (about 13000 ON-hours and 3000 OFF-hours
of live time), the upper limit of 3.2×10−11µB at 90%CL
was found for the NMM.
At present, the data taking is in progress, but analysis
of the data indicates that the sensitivity limit of the setup
is almost reached. To improve it, we prepare significant
upgrading of the spectrometer (GEMMA-2). Within the
framework of this project we plan to use the antineutrino
flux of ∼ 5.4 × 1013ν¯e/cm
2/s, increase the mass of the
germanium detector by a factor of four and decrease the
level of the background. These measures will provide the
possibility of achieving the NMM limit at the level of
1.5× 10−11µB.
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